Silicon, the second most abundant element in Earth\'s crust, has completely changed our way of life by its various applications, particularly in electronics[@b1]. Recently, silicon nanostructures have attracted tremendous attention owing to their potential applications, including photonics, biological imaging, sensors, drug delivery and energy storage[@b2][@b3][@b4][@b5][@b6][@b7][@b8]. Pure silicon does not exist in nature, but is compounded in silica or silicates. In industry, carbothermal reduction reactions are conducted to produce metallurgical grade silicon (purity \> 95%) from silica[@b9]. However, this approach is unsuitable to synthesize silicon nanostructures due to the high processing temperatures (above 1700°C). Vapor-liquid-solid (VLS) growth or wafer etching is employed to fabricate silicon nanowires, or nanoporous silicon, respectively[@b10][@b11]. Recently, there have been a few successful syntheses of silicon nanostructures by a molten-salt electrolysis route[@b12][@b13][@b14]. A rapid solid-state metathesis was also successfully used to prepare nanostructured silicon[@b15].

Since Sandhage *et al.* used hot Mg vapor to reduce diatom frustules to porous silicon replicas in 2007[@b16], various silicon nanostructures, including nanoporous film[@b17], nanocrystals[@b18], porous silicon[@b19], and 1D nanostructures[@b20][@b21][@b22] have been synthesized by the same magnesiothermic reduction reaction (MRR):

In these reports, as a general preparation procedure, magnesium powder is located by a certain distance from silica precursors in a reactor. However, the vapor-transport reaction inevitably suffers from reaction inhomogeneity. In a typical product, there are three zones comprising Mg~2~Si, Si and unreacted SiO~2~, consecutively. In order to improve the reaction homogeneity and yield, magnesium powder and silica were well-mixed and heated in a MRR[@b23]. Nevertheless, the massive heat release from the exothermic reaction (for Mg (*g*), ΔH = −586.7 kJ/mol~silica~, or 9.8 kJ/g~silica~)[@b24] collapses the architectures of silica precursors and agglomerates as-synthesized silicon domains into large crystals. More recently, Liu *et al.* succeeded in preparing Si nanocrystals by a MRR in eutectic molten salts as a reaction "solvent"[@b25]. Nevertheless, little attention was paid to the exothermic nature of MRR that causes a higher reaction temperature than the set temperature. The heat capacity of molten salts is too low to effectively consume the generated heat. It is reasonable to believe that the reaction temperature would rise by a few hundred degrees. A modest porosity of the Si products (\~120 m^2^/g, and \~ 0.2 cm^3^/g) indicates the limitation of the molten-salt route. Thus, it is highly desirable to control the temperature in an exothermic reaction of MRR with an efficient but cost-effective method.

Herein, we report a new preparation strategy for nanoporous Si by using a heat scavenger (NaCl) in a MRR. Fusion of NaCl (ΔH~fusion~ = \~ 28.8 kJ/mol)[@b26] scavenges the heat released in the exothermic reaction, which effectively prevents the structure collapsing and aggregation of the silicon domains. With its low cost and good recyclability, NaCl is a very attractive option. We believe that our new protocol is innovative and effective in preparing nanoporous silicon. Encouragingly, a nanoporous Si/Ge composite was also successfully fabricated by the same synthetic procedure.

Results
=======

Diatomaceous earth was selected for reduction to its silicon analogue owing to its fine structure and low cost[@b16]. In order to achieve a good mixing level with NaCl, diatom powder was dispersed to an aqueous NaCl solution under stirring at room temperature. The evacuated diatom/NaCl mixture and Mg powder (silica/Mg 1:0.9 in mass) were ground together in an argon-filled glovebox. The reaction mixture was loaded into a Swagelok reactor ([Supplementary Fig. S1](#s1){ref-type="supplementary-material"}) before heating in a tube furnace at 650°C for 2.5 h under Ar. The Si product (referred to as Nano-Si) was collected after NaCl, MgO and residual SiO~2~ were removed, consecutively (see Methods). As Energy-Dispersive X-ray (EDX) analysis shows, silicon with nearly the absence of oxides was obtained in Nano-Si ([Supplementary Fig. S2a](#s1){ref-type="supplementary-material"}), which is also confirmed by the X-ray photoelectron spectroscopy (XPS) measurement ([Supplementary Fig. S2b](#s1){ref-type="supplementary-material"}). The strong peak at 99.3 eV is assigned to the elemental Si, while the much weaker peak around 102.0 eV suggests very little surface oxidation of the Nano-Si. The yield of our preparation is approximately 60%. This is comparable to the solid state metathesis[@b15]. With a larger reactor, porous silicon can be produced at a rate of 560 mg/h ([Supplementary Fig. S3](#s1){ref-type="supplementary-material"}). In a control experiment, a silicon material (designated as Bulk-Si) was prepared by almost the same procedure but without the addition of NaCl.

The synthesized Nano-Si and Bulk-Si were firstly characterized by X-ray diffraction measurements (XRD). As shown in [Figure 1a](#f1){ref-type="fig"}, the XRD peaks exhibited by the two samples can be readily indexed to a cubic phase of silicon (JCPDS No. 27-1402). Compared with the XRD pattern of Nano-Si, the diffraction peaks from Bulk-Si are much narrower, indicative of a much higher degree of crystallinity. The domain size of the Nano-Si is estimated to be 12 nm by the Scherrer Equation based on the (111) peak at 2θ of 28.4°. The domain size of Bulk-Si is clearly much larger than that of Nano-Si, indicated by the sharp XRD peaks. The smaller domain size of Nano-Si can only be attributed to the heat-scavenging effect of NaCl in a MRR. In order to further examine the characteristics of the obtained Si materials, Raman spectra were recorded. Compared with the Bulk-Si, the Raman peak of Nano-Si is slightly broader and shifts towards a lower wavenumber ([Fig. 1b](#f1){ref-type="fig"}). According to the previously reported theoretical fit on porous silicon products, this confirms smaller domain size[@b27][@b28].

The heat-scavenging effect by the NaCl additive on the morphology of the Si samples can also be seen by Field-Emission Scanning Electron Microscopy (FESEM). [Figure 1c and d](#f1){ref-type="fig"} show the morphology contrast of diatom and Bulk-Si. It is evident that the reaction completely collapses the original architecture of diatom. Bulk-Si exhibits very smooth surface over a scale of \~ 1 μm ([Fig. 1d](#f1){ref-type="fig"}, inset), suggestive of the formation of large Si crystals. This is consistent to the previous reports on Si products obtained from a MRR with a direct mixing of Mg and silica[@b23][@b29][@b30]. The dramatic morphological change after the MRR suggests a much higher local reaction temperature than the set temperature of 650°C. It was reported that the measured temperature in a MRR could reach 1720°C[@b31]. In contrast to Bulk-Si, with the introduction of NaCl, the cylindrical architectural features of diatom particles were partially maintained in Nano-Si ([Fig. 1e](#f1){ref-type="fig"}). More importantly, Nano-Si has a very rough surface that is composed of ultrafine Si nanocrystals of \~ 10 nm in size ([Fig. 1f](#f1){ref-type="fig"}) indicating a relatively low local reaction temperature during the MRR with NaCl involved.

The Transmission Electron Microscopy (TEM) and High-Resolution TEM (HRTEM) images provide more detailed structural information for Nano-Si. As a representative TEM image shows ([Fig. 2a](#f2){ref-type="fig"}), Nano-Si exhibits a nanoporous structure formed by Si nanocrystals about 10 nm in size, consistent with the XRD results. The corresponding selected-area electron diffraction (SAED) pattern reveals diffraction rings of Nano-Si (inset of [Fig. 2a](#f2){ref-type="fig"}), which is consistent with the XRD and Raman results. A representative HRTEM image shows lattice fringes with a d-spacing of 0.32 nm ([Fig. 2b](#f2){ref-type="fig"}) that is assigned to the (111) planes of cubic Si phase. In order to examine the porosity of Nano-Si, nitrogen adsorption and desorption isotherms were measured ([Fig. 2c](#f2){ref-type="fig"}). Calculations based on the isotherms give a Brunauer-Emmett-Teller (BET) surface area of \~ 295.5 m^2^/g and a pore volume of \~ 1.2 cm^3^/g. According to the BET surface area and assuming a density of 2.33 g/cm^3^ of Si, a particle size of \~ 9 nm can be estimated for the Nano-Si, which is consistent with the FESEM results (detailed calculation in [Supplementary Methods](#s1){ref-type="supplementary-material"}). The pore size distribution shown in [Figure 2d](#f2){ref-type="fig"} suggests that the Nano-Si has pores of about 22 nm in diameter. In contrast, Bulk-Si exhibits a much lower BET surface area of \~ 5.2 m^2^/g and a tiny pore volume of 0.01 cm^3^/g ([Supplementary Fig. S4](#s1){ref-type="supplementary-material"}), indicative of a very dense material.

Besides nanoporous Si, we have further utilized the same synthetic procedure to fabricate a nanoporous Si/Ge composite that may have wide applications in semiconductors[@b32], thermolelectrics[@b33][@b34], as well as electrochemical energy devices[@b35][@b36][@b37]. A composite of Si/Ge oxides were first prepared by a reported sol-gel method with modification (molar ratio between Si and Ge: 9/1)[@b38]. The nanoparticle morphology of the Si/Ge oxide composite is shown in [Figure 3a](#f3){ref-type="fig"}. The particle size is around 30 nm, as shown in a TEM image ([Supplementary Fig. S5a](#s1){ref-type="supplementary-material"}). A high angle annular dark field scanning TEM (HAADF-STEM) image and the corresponding Si and Ge EDX mappings reveal that GeO~2~ particles are encapsulated in the matrix of SiO~2~ larger particles with a clear contrast ([Supplementary Fig. S5b](#s1){ref-type="supplementary-material"}). The brighter parts match the Ge EDX mapping. MRRs were conducted for Si/Ge oxides with and without NaCl additive at 650°C for 2.5 h under Ar. Without NaCl additive, a Si/Ge product collected after a similar procedure for diatom (designated as Bulk-SiGe) comprises large agglomerates with macropores, as a representative SEM image shows ([Fig. 3b](#f3){ref-type="fig"}). On the other hand, with NaCl, the nanoparticle morphology of Si/Ge oxides has been well-maintained after the MRR, as shown by the FESEM images ([Fig. 3c and d](#f3){ref-type="fig"}). It is evident that the Si/Ge composite (referred to as Nano-SiGe) is composed of nanoparticles sized around 10 nm. EDX analysis also verifies that little oxides exist in the final Nano-SiGe products ([Supplementary Fig. S6](#s1){ref-type="supplementary-material"}).

The crystalline phases of the Si/Ge composites were investigated by XRD. As [Figure 4a](#f4){ref-type="fig"} shows, the XRD pattern of Bulk-SiGe displays the cubic phase similar to that of Bulk-Si. The Ge phase reflections are invisible in the XRD pattern, indicating the formation of a solid solution of Ge in the matrix of cubic silicon phase. In sharp contrast, the XRD pattern of Nano-SiGe clearly reveals both elemental phases of Si and Ge ([Fig. 4b](#f4){ref-type="fig"}). Five pairs of peaks in the vicinity of 28°, 47°, 55°, 68°, and 75° are ascribed to the reflections of (111), (220), (311), (400), and (331) planes of Ge or Si, respectively. These peaks can be deconvoluted into the components from elemental Si and Ge cubic phases ([Fig. 4c](#f4){ref-type="fig"} and [Supplementary Fig. S7](#s1){ref-type="supplementary-material"}). The domain size is \~ 20 nm for Ge and \~ 6 nm for Si, estimated by the Scherrer Equation on the (111) peaks. A smaller silicon domain size in Nano-SiGe than that of Nano-Si can be attributed to a more efficient heat-scavenging effect due to the higher specific pore volume of SiGe oxides (0.41 cm^3^/g) than diatom (0.056 cm^3^/g) ([Supplementary Fig. S8](#s1){ref-type="supplementary-material"}). In the Raman spectra of Nano-SiGe, the peaks at 509.8, 404.7, and 294.8 cm^−1^ from elemental Si, SiGe alloy, and elemental Ge, respectively, are observed while only a peak of Si at 513.0 cm^−1^ shows up in Bulk-SiGe ([Fig. 4d](#f4){ref-type="fig"}). The surface oxidation states and the chemical composition of the Nano-SiGe were further examined by XPS. Similar to Nano-Si, the peak at 99.3 eV in the Nano-SiGe is contributed by elemental Si \[2p\] ([Fig. 4e](#f4){ref-type="fig"}). Moreover, the peak at 29.4 eV can be ascribed to elemental Ge \[3d\] ([Fig. 4f](#f4){ref-type="fig"}). Owing to slight surface oxidation, a weak peak around 32.0 eV is also detected. Judging from Raman spectra peak intensities and combining the XRD and XPS results, it can be concluded that the elemental phase is the primary phase for Ge element.

TEM and HRTEM were carried out to further study the microstructure of Nano-SiGe. As shown in [Figure 5a,d](#f5){ref-type="fig"}, Nano-SiGe consists of nanocrystals and a large number of nanosized pores. The HRTEM images in [Figure 5b and c](#f5){ref-type="fig"} display two types of lattice fringes with spacings of 0.32 nm and 0.33 nm, respectively. These may correspond to the (111) planes of Si and Ge, respectively. We further investigated the homogeneity of Si and Ge particles in the Nano-SiGe product ([Fig. 5d](#f5){ref-type="fig"}). HAADF-STEM does not show much contrast between Si and Ge, unlike GeO~2~ and SiO~2~. From the EDX mappings, it is evident that both Si and Ge are nearly homogeneously distributed in the Nano-SiGe composite. The BET surface area of Nano-SiGe is 180.4 m^2^/g with a pore volume of 0.73 cm^3^/g. These characteristics are smaller than Nano-Si although a more porous precursor was used. In contrast, Bulk-SiGe only exhibits a BET surface area of 4.9 m^2^/g and a pore volume of 0.015 cm^3^/g (see isotherms in [Supplementary Fig. S9](#s1){ref-type="supplementary-material"}). To the best of our knowledge, this is the first time that porous Si/Ge nanocomposite with Ge primarily in its elemental phase has been synthesized by a simple MRR. This method may pave the way to the efficient production of porous Si/Ge nanostructures. Important applications may take advantage of the unique properties of the new Si/Ge nanostructure.

Discussion
==========

We propose the following process for the MRR with the NaCl heat scavenger. When the furnace temperature rises close to the melting point of Mg at 650°C, the exothermic MRR is initiated. Without an efficient dissipation, heat released by the reaction accumulates, and the reaction temperature continues to rise. At 801°C, NaCl in the reaction mixture begins to melt, which consumes the heat generated by the MRR and retards further temperature rising. For one gram of silica, we used 10 grams of NaCl heat scavenger. It takes approximately 1.4 kJ to heat up the reaction mixture from 650°C to 801°C. With good thermal conductivity of molten NaCl (0.8 W/m·K)[@b39], heat from the MRR can be readily conducted to surrounding NaCl crystals and consumed by NaCl fusion. The fusion of NaCl (10 g) removes heat of 5.0 kJ. At 801°C, in fact, Mg vaporization heat should be partially provided by the MRR as well (Mg: ΔH~vap~ = 6.1 kJ/g). Totally, the heat consumption by the reactant mixture is between 6.4 kJ to 12.5 kJ, comparable to the heat release from the MRR (9.8 kJ/g~silica~). We can expect that the reaction temperature may be slightly higher than 801°C. In order to probe the real reaction temperatures, we used alkaline carbonates as temperature indicators that were well mixed with the reactants ([Supplementary Methods](#s1){ref-type="supplementary-material"}). After a MRR without NaCl, the absence of BaCO~3~ peaks in the XRD pattern of the product indicates a reaction temperature above 1300°C, the decomposition temperature of BaCO~3~ ([Fig. 6a](#f6){ref-type="fig"}), consistent to the reported reaction temperature[@b31]. In sharp contrast, with NaCl heat scavenger, SrCO~3~, with the decomposition temperature of 1100°C, survives a MRR in the product, confirmed by its strong XRD peaks and a lack of XRD peaks from other Sr containing compounds than SrCO~3~ ([Fig. 6b](#f6){ref-type="fig"}). However, XRD peaks of CaCO~3~ disappeared after a MRR even with NaCl as the heat scavenger (see XRD results in [Supplementary Fig. S10](#s1){ref-type="supplementary-material"}). Even with 20 g NaCl that is theoretically sufficient to absorb all the heat, CaCO~3~ still decomposes. This implies that the method could be limited by the mixing degree between NaCl and diatom. We are currently working on porous silica nanofibers as precursors in order to increase the mixing extent with NaCl heat scavenger. The results reveal that the reaction temperature with NaCl should be between 840°C and 1100°C. This is the first time that the real reaction temperature in a magnesiothermic reaction can be controlled by a heat scavenger and "measured" with a temperature indicator.

In summary, we present here a new preparation strategy that employs a heat scavenger (NaCl) to fabricate the nanoporous silicon-based materials by heating the mixture of silica precursors, Mg powder and NaCl, a highly effective reaction setup. Fusion of NaCl effectively scavenges much heat released in the exothermic MRR, which minimizes the pore-structure collapse of the product and aggregation of nano-domains. Nanoporous Si was obtained from diatoms with a high yield. A porous Si/Ge nanocomposite with Ge primarily in its elemental phase has been synthesized by a simple MRR for the first time. By using alkaline carbonates as temperature indicators, we measured the real reaction temperature in MRRs that is between 840°C to 1100°C at the presence of NaCl. We believe this new strategy can be regarded as a general synthetic method for different types of nanosized materials synthesized by highly exothermic reactions.

Methods
=======

Synthesis of Nano-Si
--------------------

Nanoporous silicon was prepared *via* a modified magnesiothermic reduction reaction. Diatom was dispersed to an aqueous NaCl solution under stirring at room temperature (Silica/NaCl: 1/10 in weight). The mixture was heated to 60°C under vigorous stirring followed by drying under vacuum at 150°C to remove water. Dried diatom/NaCl powder (11 g) and 0.9 g Mg powder was ground together under an Ar atmosphere and then sealed in a Swagelok reactor. Then, the diatom/NaCl/Mg mixture was heated in a tube furnace at 650°C for 2.5 h under an Ar atmosphere. After cooling to room temperature, the obtained products were first immersed in a H~2~O/EtOH solution, where NaCl can be recycled by drying the filtrate. Then, 1 M HCl and 5% aqueous HF were used to remove MgO and surface-grown SiO~2~, respectively. Finally, the nanoporous silicon products were collected, washed with EtOH, and vacuum-dried at 60°C overnight.

Synthesis of Nano-SiGe
----------------------

Nano-sized SiGe oxides were first prepared by a reported sol-gel method with slight modification. In a typical synthesis, tetraethyl orthosilicate (0.75 g) and germanium ethoxide (0.1 g) was mixed with ethanol (28 ml) by sonication for 10 minutes. Then, a mixture of DI water (5.6 mL) and ammonium hydroxide (0.84 mL) was added into the above Si/Ge/ethanol solution under stirring at room temperature. This mixture was stirred for 24 h and the obtained white precipitate was centrifuged, washed and dried. The sample was then heated in a muffle furnace at 500°C for 4 h in air to remove remaining organic impurities. Then, the SiGe oxides were treated as described above to fabricate the Bulk-SiGe and the Nano-SiGe products.

Characterization
----------------

X-Ray diffraction (XRD) patterns were collected using a Rigaku Ultima IV Diffractometer with Cu Kα irradiation (λ = 1.5406 Å). Raman spectra were recorded with a DXR SmartRaman Spectrometer (Thermo Scientific) using a Diode laser at 780 nm. For ease of comparison, the XRD and Raman results are normalized to the intensity of the strongest peak. X-ray photoelectron spectroscopy (XPS) measurements were carried out on an ESCALAB 250 X-ray Photoelectron Spectrometer (ThermoScientific). The morphology was examined by field emission scanning electron microscopy (FESEM) using an FEI NOVA 230 high resolution SEM with an energy-dispersive X-ray (EDX) attachment. Transmission electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM) images were recorded by an FEI Titan 80--300 TEM. High angle annular dark field scanning TEM (HAADF-STEM) measurements were carried out on an FEI Titan 80--200 microscope coupled with a HAADF detector and an EDX spectrometer. Nitrogen sorption measurements were performed on a Micromeritics ASAP 2020 analyzer and a TriStar II 3020 analyzer.
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![Structural properties of Nano-Si and Bulk-Si, and morphologies of diatom, Bulk-Si, and Nano-Si, demonstrating the effect of a heat scavenger.\
(a) XRD patterns and (b) Raman spectra of Nano-Si and Bulk-Si. For an ease of comparison, the XRD and Raman results are normalized to the intensity of the strongest peak. FESEM images of (c) diatom, (d) Bulk-Si and (e) Nano-Si. Inset of (d) is the enlarged FESEM image of Bulk-Si corresponding to the red-square marked area in (d). (f) the enlarged FESEM image of Nano-Si corresponding to the red-square marked area in (e).](srep02222-f1){#f1}

![Microscopy studies, and adsorption/desorption isotherms and pore size distribution analyses of Nano-Si, revealing small domain sizes and high porosity.\
(a) A TEM image and the corresponding SAED pattern (inset); (b) An HRTEM image that corresponds to the red-square marked area in (a); (c) Nitrogen adsorption-desorption isotherms and (d) pore size distribution of Nano-Si.](srep02222-f2){#f2}

![FESEM images showing morphologies of Si/Ge oxides, Nano-SiGe and Bulk-SiGe.\
(a) SiGe oxides; (b) Bulk-SiGe; (c) Nano-SiGe; (d) An enlarged FESEM image of Nano-SiGe corresponding to the red-square marked area in (c).](srep02222-f3){#f3}

![Structural information of Si/Ge products *via* XRD and Raman, showing the sharp contrast between Bulk-SiGe and Nano-SiGe.\
XRD patterns of (a) Bulk-SiGe and (b) Nano-SiGe; (c) XRD of the (111) peaks for the Nano-SiGe. (d) Raman spectra of Bulk-SiGe and Nano-SiGe. XPS spectra of Nano-SiGe showing signals of (e) Si \[2P\] and (f) Ge \[3d\].](srep02222-f4){#f4}

![Microstructural information and chemical composition of Nano-SiGe.\
TEM images of the Nano-SiGe, (a) at low magnification; (b, c) HRTEM that correspond to the areas in (a) are marked by the red-squares α and β, respectively; (d) HADDF-STEM and EDX elemental mapping images of Nano-SiGe.](srep02222-f5){#f5}

![Investigation of decomposition of alkaline carbonates during a MRR without or with NaCl heat scavenger, indicating a much lower reaction temperature with the heat scavenger.\
XRD patterns of (a) the product collected after heating the mixture of diatom, Mg powder, and BaCO~3~ at 650°C for 2.5 h under Ar and (b) the product collected after heating the mixture of diatom, Mg powder, NaCl, and SrCO~3~ at 650°C for 2.5 h under Ar and the removal of NaCl.](srep02222-f6){#f6}
